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ABSTRACT
The solar atmosphere is composed of many species which are populated at different ionization and
excitation levels. The upper chromosphere, transition region and corona are nearly collisionless. Con-
sequently, slippage between, for instance, ions and neutral particles, or interactions between separate
species, may play important roles. We have developed a 3D multi-fluid and multi-species numerical
code (Ebysus) to investigate such effects. Ebysus is capable of treating species (e.g., hydrogen, helium
etc) and fluids (neutrals, excited and ionized elements) separately, including non-equilibrium ioniza-
tion, momentum exchange, radiation, thermal conduction, and other complex processes in the solar
atmosphere. Treating different species as different fluids leads to drifts between different ions and an
electric field that couples these motions. The coupling for two ionized fluids can lead to an anti-phase
rotational motion between them. Different ionized species and momentum exchange can dissipate
this velocity drift, i.e., convert wave kinetic energy into thermal energy. High frequency Alfve´n waves
driven by, e.g., reconnection thought to occur in the solar atmosphere, can drive such multi-ion velocity
drifts.
Keywords: Magnetohydrodynamics (MHD) —Methods: numerical — Radiative transfer — Sun: at-
mosphere — Sun: corona
1. INTRODUCTION
To study the outer atmosphere of the Sun and in
particular, the interaction between the magnetic field
and plasma a single fluid magnetohydrodynamic (MHD)
treatment is often chosen. This is usually sufficient,
however, single-fluid MHD process timescales may be-
come comparable to collision frequencies or the pres-
ence of neutrals may dominate the dissipation processes
in the atmosphere. As one progresses upwards in the so-
lar atmosphere, and especially into the relatively cold,
tenuous solar chromosphere, a multi-fluid magnetohy-
drodynamic (MHD) treatment of the plasma and mag-
netic field becomes increasingly relevant in order to han-
dle many aspects of the weakly ionized, weakly colli-
sional medium. For instance, the high-fraction of neu-
tral particles in the chromosphere may play an impor-
tant role, and drift velocities between different fluids
may be too important to neglect (Vernazza et al. 1981;
Corresponding author: Juan Mart´ınez-Sykora
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Fontenla et al. 1990; Leake et al. 2014; Mart´ınez-Sykora
et al. 2015, 2017b; Ballester et al. 2018). Some studies
have already gone beyond a single fluid approach, and
these can be categorized into two groups: First, in a
weakly ionized plasma with ion-neutral collision time-
scales small enough, one can assume that ion-neutral
interactions effects can be approximated through an ex-
pansion of Ohm’s law (see Cowling 1957; Braginskii
1965; Parker 2007, amongst others) by including am-
bipolar diffusion (Biermann 1950) into the single fluid
MHD equations, (e.g., Leake et al. 2005; Cheung &
Cameron 2012; Khomenko & Collados 2012; Mart´ınez-
Sykora et al. 2012; Leake & Linton 2013; Mart´ınez-
Sykora et al. 2017c; No´brega-Siverio et al. 2020b). The
second group of studies treats ions and neutrals as two
completely different fluids (e.g., Brandenburg & Zweibel
1994, 1995; Lazarian et al. 2004; Leake et al. 2013; Al-
varez Laguna et al. 2016, 2017; Maneva et al. 2017) with
separate velocities and energies, only coupled through
collisions.
The solar atmosphere consists of large variety of
species and most previous studies have typically as-
sumed that species can be treated as a single or two
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fluids. Chapman & Cowling (1970) derived the single
fluid equations from a multi-species description. This
required the assumption that all species move in unison,
which it is not necessarily the case in a weakly colli-
sional environment. Furthermore physical processes are
different depending on the ionization state of the species
under consideration (see Sections 2 and 3.1). Khomenko
et al. (2014) and Ballester et al. (2018) describe the full
set of MHD equations separately for each species. This
description is better suited to describing the plasma
when collisional interactions between species are weak.
Under the conditions where collisional interactions be-
tween species are weak, a physical processes due to
electromagnetic interactions between ionized species be-
come important. Alfve´n waves exhibit one mode that
does not appear in single-ion plasma (a fluid with a
single ionized species Weber 1973; Cramer 2001). The
frequency of this mode is known as weighted average
ion-cyclotron frequency of the different ionized species
participating in the wave motion (in this paper, we re-
fer to this as the multi-ion cyclotron frequency). The
mode can be dissipated by the momentum exchange
between species (Isenberg & Hollweg 1982; Hollweg &
Isenberg 2002; Rahbarnia et al. 2010; Mart´ınez-Go´mez
et al. 2016, 2017). Ionized species are accelerated by
a non-dissipative wave pressure and a dissipative heat-
ing occurs (Isenberg & Hollweg 1982). Li & Li (2007,
2008) investigated effects due to interactions between
ionized species for these non-Wentzel-Kramers-Brillouin
(WKB) Alfve´n waves. Further studies of multi-ion flu-
ids on waves and anisotropic magnetic plasma instabili-
ties have been carried out by Demars & Schunk (1979);
Olsen & Leer (1999); Dzhalilov et al. (2008). All these
studies have been done analytically with simplifications
or/and linear wave approximations.
Aside from solar physics, other fields have investi-
gated multi-ion plasmas. Schunk (1977); Barakat &
Schunk (1982) review the research on mixing multi-
species in the anisotropic ionosphere and Ganguli (1996)
in the polar magnetosphere (see also Demars & Schunk
1994). Echim et al. (2011); Abbo et al. (2016) review
multi-fluids modeling and observations in the solar wind,
and Krticˇka & Kuba´t (2000, 2001) in other stellar at-
mospheres. The latter two studies did not explicitly
solve the equations describing magnetic field evolution.
Other studies have shown the importance of including
the induction equation (e.g., Isenberg & Hollweg 1982;
Mart´ınez-Go´mez et al. 2016) – the Larmor frequency of
two different ionized species depends on the weighted
atomic mass of the ionized atoms or molecules partic-
ipating in the wave motion. Xie et al. (2004); Ofman
et al. (2005) investigated wave dispersion in collisionless
multi-ion plasmas. For this, they used nonlinear one-
dimensional hybrid kinetic simulations of the multi-ion
plasma to investigate high-frequency wave-particle in-
teractions in the solar wind. Koch et al. (2005) found
that measurements of the resonant frequency of the ion-
cyclotron wave can resolve the composition of the matter
in the plasma, as the frequency depends on the abun-
dances of the fluids comprising the plasma. They used
the ElectroSpray Ionization Fourier Transform Ion Cy-
clotron Resonance Mass Spectrometry (ESI FT-ICR-
MS) to reveal the composition of a dissolved organic
matter, which was up to that point unknown.
In order to investigate the issues briefly presented
above, we have developed the multi-fluid and multi-
species (MFMS) numerical code: Ebysus. In the next
section we briefly describe the physics implemented and
numerical methods used in that code. Section 3 ana-
lyzes analytically the ionized multi-species coupling. We
continue with investigating the importance of this cou-
pling in the solar atmosphere using MHD models (Sec-
tion 4). Our research includes the following numerical
models (Section 5): 1D tests to validate the implemen-
tation (Section 5.1), and 1D numerical simulations in-
cluding momentum exchange to investigate the dissipa-
tion of high-frequency standing waves (Section 5.2), 1D
numerical simulations of high-frequency Alfve´n waves
(Sections 5.3). This manuscript ends with a discussion
and conclusions (Section 6).
2. MULTI-FLUID AND MULTI-SPECIES MHD
NUMERICAL CODE
We will dedicate a separate manuscript to a detailed
description of the implementation and validation of the
multi-fluid multi-species (MFMS) MHD equations used
in Ebysus code. Therefore, for the purpose of this arti-
cle, we limit ourselves to a short description of the code
and the governing equations. Ebysus has inherited the
numerical methods used in the Bifrost code (Gudiksen
et al. 2011): Spatial derivatives and the interpolation
of variables are done using sixth and fifth-order poly-
nomials. As in Bifrost, the numerical scheme is defined
on a staggered Cartesian mesh for which non-uniform
grid spacing in one direction is allowed. The equations
are stepped forward in time using the modified explicit
third-order predictor-corrector procedure (Hyman et al.
1979) allowing variations in time and operator splitting.
Numerical noise is suppressed using high-order artificial
diffusion. In contrast to the Bifrost code, which solves
the radiative-MHD equations for a single fluid, the Eby-
sus code solves the MHD equations separately for each
of the desired number of excited levels, ionization stages,
and species as detailed below. In addition, Ebysus takes
into account the electron momentum equation through
the induction equation and the derivation of the electric
field and, independently, the electron energy equation.
For clarity and consistency we will use the same
nomenclature as used by Ballester et al. (2018) with
minor adjustments. The ionization states are referred
as I, i.e., I = 0 denotes neutrals and Iˆ = I ≥ 1
ions. The excited levels are marked with E and the
identity of the chemical species (or molecules) is indi-
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cated by a. Consequently, each set of particles in a
given micro-state will be described with aIE. For elec-
trons the notation aIE is reduced to just e. For sim-
plicity,
∑
a′ is the sum over all the species a
′,
∑
I′,a
is the sum over all ionization levels, including neutrals,
for a given species a and
∑
E′,aI is the sum over all
the excited levels for a given ionized species aI. For
clarity, we define
∑
a′I′E′ =
∑
a′
∑
I′,a′
∑
E′,a′I′ , and∑
I′E′,a =
∑
I′,a
∑
E′,aI′ .
2.1. Continuity Equations
The mass density for each type of species in a given
micro-state is governed by the continuity equation in
this generic form:
∂ρaIE
∂t
+∇ · ρaIE ~uaIE =
∑
I′E′,a
maIE(naI′E′Γ
ion
aI′E′IE − naIEΓrecaIEI′E′) (1)
where ρaIE = maIE naIE, ~uaIE, naIE and maIE are the
mass density, velocity, number density and particle mass
for a given micro-state. ΓrecaIEI′E′ , and Γ
ion
aI′E′IE are the
transition rate coefficients between levels I ′E′ and IE
due to recombination or de-excitation, and ionization
or excitation, respectively. The ionization, recombina-
tion, excitation and de-excitation terms have been added
and are solved by applying a Newton-Raphson implicit
method at each grid cell individually.
In this particular study, for simplicity, we neglect
ionization and recombination. Our numerical experi-
ments focus on the solar upper chromosphere and tran-
sition region, and the timescales modeled here are much
shorter (≤ 1 s) than, for example, hydrogen (≥ 102 s)
and helium (103 − 105 s) ionization and recombina-
tion timescales (Carlsson & Stein 1992, 2002; Gold-
ing et al. 2014). Non-equilibrium ionization effects for
many heavier atoms occur on timescales of about 10-
100 s for typical density values for transition region and
corona (Smith & Hughes 2010). A detailed description
of the ionization-recombination implementation and re-
sults will be detailed in upcoming studies.
Since electrons move so fast and their mass is neg-
ligible we ignore the continuity equation for electrons
in the Ebysus code i.e., we assume quasi-neutrality:
ne =
∑
aIE naIE ZaI where ZaI is the ionized state. We
denote the average velocity of the ionized species as
~uc =
∑
aIˆE ~uaIE and of the neutrals as ~un =
∑
a0E ~ua0E.
2.2. Momentum Equations
The momentum equations depend on the ionization
state under consideration. The momentum equations
for each aIE written in SI are included in the Ebysus
code as follows:
∂(ρaIˆE~uaIˆE)
∂t
+∇ · (ρaIˆE~uaIˆE~uaIˆE − τˆaIˆE) =
−∇PaIˆE + ρaIˆE~g + naIˆEqaIˆ
(
~E + ~uaIˆE × ~B
)
+∑
Iˆ′E′,a
(Γion
aIˆ′E′ IˆEmaIˆE~ua0E′ − ΓrecaIˆEI′E′maIˆE~uaIˆE)
+
∑
a′I′E′
~RaIˆEa
′I′E′
aIˆE
(2)
∂(ρa0E~ua0E)
∂t
+∇ · (ρ~ua0E~ua0E − τˆa0E) =
−∇Pa0E + ρa0E~g +
∑
a′I′E′
~Ra0Ea
′I′E′
a0E −∑
I′E′,a
(
ΓionaI′E′ma0E~ua0E + Γ
rec
a0EmaI′E′~uaI′E′
)
(3)
where qα, Pα, and τˆα are the ion charge, gas pressure,
and viscous tensor for a specific species (i.e., α = aIE).
~g, ~E, and ~B are gravity acceleration, and electric and
magnetic field, respectively. ~Rαβα is the momentum
exchange where α 6= β and both can be any aIE.
We combined charge and momentum exchange, i.e.,
we summed both cross sections (Vranjes et al. 2008).
Due to the numerical stiffness, the momentum exchange
terms are solved by operator splitting; implicitly us-
ing a Newton-Raphson method along with the ioniza-
tion/recombination terms in the continuity equation dis-
cussed above. The momentum exchange can then be
expressed as follows:
~Rαβα = mα nα ναβ(~uβ − ~uα) (4)
where ναβ is the collision frequency. Note that ~R
αβ
α =
−~Rβαβ .
For neutral-ion and neutral-neutral, the collision fre-
quencies (ναβ) are typically expressed as follows:
ναβ = nβ
mβ
mα +mβ
Cαβ(Tαβ)
√
8KBTαβ
pimαβ
(5)
where the reduced temperature between the two fluids
in K (see below) is Tαβ = (mαTβ + mαTβ)/(mα + mβ)
and Cαβ(Tαβ) is the cross section which is a function of
temperature. Some relevant cross sections as a function
of temperature are shown in (Krstic & Schultz 1999;
Glassgold et al. 2005; Schultz et al. 2008; Vranjes et
al. 2008; Vranjes & Krstic 2013, among others). We
include both collisional momentum exchange and charge
exchange. For those species where the cross section is
not well-known we follow Vranjes et al. (2008), i.e., the
cross section between any other species with protons is
chosen to be the value of the cross section for protons
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multiplied by mm/mp, where mm is the atomic mass of
the considered species and mp is the proton mass.
For elastic ion-ion collisions, we consider Coulomb col-
lisions following, for instance, Hansteen et al. (1997).
The collision frequency is as follows:
νaIˆEa′Iˆ′E′ = 1.7
ln Λ
20
mp
maIˆE
(
maIˆEa′Iˆ′E′
mp
)1/2
na′Iˆ′E′T
−(3/2)
aIˆEa′Iˆ′E′
Z2
a′Iˆ′Z
2
aIˆ
(6)
where mp is the proton mass, the collision frequency
is measured in s−1, and the ion number density in cm−3,
the reduced mass is maIˆEa′Iˆ′E′ =
maIˆEma′ Iˆ′E′
maIˆE+ma′ Iˆ′E′
, and the
Coulomb logarithm is (all in SI units).
ln Λ = 23.0 + 1.5 ln(Te/10
6)− 0.5 ln(ne(cm−3)/106)(7)
We ignore electron inertia and its time variation. We
can then use the electron momentum equation to calcu-
late the electric field (Section 2.5).
In addition to ionization and recombination, and to
limit the scope of this study, to Isolate and highlight
effects of velocity drift between ions we highly simplified
our approach in this study and we have also excluded
the effects of gravity.
2.3. Energy Equations
The internal energy equations for each aIE imple-
mented in the Ebysus code written in the SI conservative
form are as follow:
∂eaIˆE
∂t
= −∇ · eaIˆE~uaIˆE − PaIˆE∇ · ~uaIˆE +
Qvisc
aIˆE
+Qir
aIˆE
+QaIˆEe
aIˆE
+
a′I′E′ 6=aIˆE∑
a′I′E′
QaIˆEa
′I′E′
aIˆE
+
qaIˆEnaIˆE~uaIˆE · ~E (8)
∂ea0E
∂t
= −∇ · ea0E~ua0E − Pa0E∇ · ~ua0E +Qvisca0E +
Qira0E +Q
a0Ee
a0E +
a′I′E′ 6=a0E∑
a′I′E′
Qa0Ea
′I′E′
a0E (9)
∂ee
∂t
= −∇ · ee ~ue − Pe∇ · ~ue +Qvisce +Qire +∑
a′I′E′
Qea
′I′E′
e + qene~ue · ~E +Qspitz (10)
where eα is the internal energy for any α = [e, aIE].
The last term in Equation 8 and the second last term in
Equation 10 are the Joule heating. Qviscα is the viscous
heating. Qirα is the heating/cooling term due to the ion-
ization, recombination excitation and/or de-excitation
energy exchange. Qαβα is the heating of the fluid α
due to collisions with fluid β for any α = [e, aIE] and
β = [e, a′I ′E′] as Qαβα = ~R
α
αβ · (~uβ − ~uα). Qsptiz is the
heating term due to thermal condition along the mag-
netic field. The latter is implemented using same scheme
as in the Bifrost code. For simplicity and the purpose of
the current paper, we do not take into account Qspitz,
Qirα , Q
ea′I′E′
e , and Q
aIEe
aIE .
2.4. Equation of State
We assume MFMS ideal gases:
PaIE = naIEkBTaIE = (γ − 1)eaIE (11)
i.e., each fluid/species has its own temperature and no
internal degrees of freedom. As mentioned above, for
this study, we are not taking into account the energies of
ionization, recombination, excitation and de-excitation.
Similarly, we need an equation of state for electrons:
Pe = nekBTe = (γ − 1)ee, (12)
where we assume quasi-neutrality to compute ne.
2.5. Electric Field and the Induction Equation
The electric field can be defined in any reference sys-
tem:
~E = ~Eα − ~uα × ~B (13)
In Ebysus we use the laboratory frame of reference –
which in the case of the Sun means a frame of reference
relative to the local solar conditions – and compute ~Eα
from the electron momentum equation ( ~Ee, i.e. electron
frame of reference) which simplifies the implementation
for the two-fluids, i.e., ion and neutrals, or single fluid
descriptions. Then ~Ee is:
~Ee =
∇Pe
neqe
+
∑
aIE
~ReaIEe
neqe
(14)
where all the inertia terms and the gravitational force
acting on the electrons have been neglected. In addi-
tion, ionization/recombination is neglected, assuming
the electron continuity equation is in the fast ioniza-
tion/recombination limit.
The evolution of the magnetic field is governed by
Maxwell equations. In Ebysus, we consider the induc-
tion equation:
∂ ~B
∂t
=−∇× ~E (15)
=∇×
(
~ue × ~B − ∇Pe
neqe
−
∑
aIE
~ReaIEe
neqe
)
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For simplicity and the purpose of this work, we do
not take into account the electron pressure gradient
term (the Biermann battery, the second term on the
right hand side of the equation), nor the momentum
exchange term between electrons and ion species (third
term). Since we have several species, the electron veloc-
ity, thanks to the assumption of quasi-neutrality, reads
as follows:
~ue =
(∑
α
nαqα~uα
ne qe
)
−
~J
qe ne
, (16)
and ~J = (∇× ~B)/µ0.
3. ANALYTICAL ANALYSIS
In this section, we describe analytically the coupling of
ionized multi-species due to the electric field. First, we
briefly describe the coupling in the momentum equation
(Section 3.1). Second, how this coupling adds stiffness to
the numerical code (Section 3.2) and finally we present
an analytical solution (Section 3.3) in order to test the
code (Section 5.1).
3.1. Coupling in the Momentum Equation for Ionized
Species
The Lorentz force in a single fluid, or a two-fluids (ions
and neutrals) description is ~J × ~B. However, in full
MFMS (Equation 2), the interaction of the Lorentz force
with each ionized species reads as follows:
∂ρaIˆEuaIˆE
∂t
+ = −naIˆE qaIˆE∑
a′ Iˆ′E′
na′ Iˆ′E′qa′ Iˆ′E′~ua′ Iˆ′E′
ne qe
−
~J
qe ne
− ~uaIˆE
]
× ~B (17)
(e.g., see Cramer 2001).
Observe, if |∑a′ Iˆ′E′ na′ Iˆ′E′qa′ Iˆ′E′~ua′ Iˆ′E′−ne qe~uaIˆE| <<
| ~J | for any ionized element, the expression above be-
comes ~J × ~B, which brings us back to single fluid or
two-fluids nomenclature.
Note that the various momentum equations are cou-
pled with the electric field as detailed with the Equa-
tions 17. The evolution of the velocity of an ionized
species depends on the velocity of the other species as
long as |∑a′ Iˆ′E′ na′ Iˆ′E′qa′ Iˆ′E′~ua′ Iˆ′E′ − ne qe~uaIˆE| is large
enough in relation to the other terms in the momen-
tum equation. Collisions and ionization/recombination
couple the momentum equations. We will focus on
cases where |∑a′ Iˆ′E′ na′ Iˆ′E′qa′ Iˆ′E′~ua′ Iˆ′E′ − ne qe~uaIˆE| in-
deed may becomes important.
Let us define ion velocity drift force as follows:
~F IDrift
aIˆE
= −naIˆE qaIˆE∑
a′ Iˆ′E′
na′ Iˆ′E′qa′ Iˆ′E′~ua′ Iˆ′E′
ne qe
− ~uaIˆE
× ~B
=
naIˆEqaIˆE
ne qe ∑
a′ Iˆ′E′ 6=aIˆE
na′ Iˆ′E′qa′ Iˆ′E′(~uaIˆE − ~ua′ Iˆ′E′)
× ~B (18)
i.e., ~J × ~B has been subtracted. This term is not zero
when two or more ionized species move at different veloc-
ities. Another interesting aspect is that this term does
not appear in the induction equation since the electric
field is a function of the bulk velocity of all ions (Equa-
tion 16) and changes in the velocity due to F IDrift will
not impact the electric field.
Because of the coupling due to the velocity drift force,
ions can experience a synchronized cyclotron type mo-
tion. In other words, when several species are present
with different velocities, they will be coupled to the
other ionized species and will experience (as shown
in the next section) a rotational motion with a fre-
quency that depends on a combination of single-ion
cyclotron-frequencies, the number density of ionized
species and their ionization state (as detailed below;
similarly Mart´ınez-Go´mez et al. 2016, derived this ex-
pression). For two ionized species, this coupling leads
to a multi-ion cyclotron frequency:
ΩˆaIˆEa′ Iˆ′E′ =
ZaIˆnaIˆEΩa′ Iˆ′E′ + Za′ Iˆ′na′ Iˆ′E′ΩaIˆE
ne
(19)
where the cyclotron frequency for a specific species is
ΩaIˆE =
qaIˆ|B|
maIˆE
(see Section 3.3). By increasing the num-
ber of ionized species, the number of superpositions of
multi-ion cyclotron frequencies increases. The multi-ion
cyclotron frequency becomes a combination of the cy-
clotron frequencies of the ionized species (Section 5.1).
3.2. CFL
The ion velocity drift force adds a new Courant
Friedrichs and Lewy (CFL) convergence condition
(Courant et al. 1928) for MFMS MHD equations due to
the multi-ion cyclotron frequencies. Consequently, the
length of a timestep cannot be greater than 1/ΩˆaIˆEa′ Iˆ′E′ ,
and this condition has to be fulfilled for each cou-
pling between ionized species, considering the largest
ΩaIˆEa′ Iˆ′E′ .
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3.3. An Analytic Solution
In this section, following Cramer (2001), we derive
the analytic formulation of the multi-ion cyclotron wave
in simplified conditions without the effects of ionization
and recombination, radiative losses, thermal conduction,
the Hall term, Biermann battery, nor momentum ex-
change and gravity. We use that solution to validate
our numerical experiments.
In an atmosphere with no spatial variation in any of
the thermal and density variables for any of the micro-
states aIE, and given a constant magnetic field, i.e., ~J =
0, the multi-fluid momentum equations can be simplified
to:
∂~uaIˆE
∂t
=
qaIˆE
maIˆEne qe ∑
a′ Iˆ′E′ 6=aIˆE
na′ Iˆ′E′qa′ Iˆ′E′(~uaIˆE − ~ua′ Iˆ′E′)
× ~B (20)
The magnetic field does not change in time ∂
~B
∂t = 0
because we imposed ~J = 0 and the bulk velocity and
density are constant in space. This set of equations has
as a solution a superposition of sinusoidals, as we show
below. For simplicity, let us consider only two singly-
ionized fluids, e.g., H+ and He+. Since we allow only
singly ionized species, i.e., qe = qH+ = qHe+ , and ne =
nH+ + nHe+ , then:
∂~uH+
∂t
=
qenHe+
mH+
[
~uH+ − ~uHe+
nH+ + nHe+
]
× ~B (21)
∂~uHe+
∂t
=
qenH+
mHe+
[
~uHe+ − ~uH+
nH+ + nHe+
]
× ~B (22)
Note that the acceleration of a particular species de-
pends on the particle mass of that species and on the
number density of the other ionized species. The larger
the number density from one species the larger the ac-
celeration for the other species. These two equations
can be combined in order to derive the evolution of the
velocity drift (~uDH+He+ = ~uH+ − ~uHe+).
∂~uDH+He+
∂t
=
qe
ne
[
nHe+
mH+
~uDH+He++ (23)
nH+
mHe+
~uDH+He+
]
× ~B
For a velocity drift perpendicular to the magnetic field
(for instance, within the x-z plane and the magnetic field
is aligned with the y-axis) the equations can be reduced
to:
∂uDxH+He+
∂t
= − qe
ne
[
nHe+
mH+
+
nH+
mHe+
]
uDzH+He+By(24)
∂uDzH+He+
∂t
=
qe
ne
[
nHe+
mH+
+
nH+
mHe+
]
uDxH+He+By (25)
One can decompose these equations into a wave-like
form:
uDxH+He+ = U
o
D sin
(
qe
ne
[
nHe+
mH+
+
nH+
mHe+
]
Byt
)
(26)
uDzH+He+ = −UoD cos
(
qe
ne
[
nHe+
mH+
+
nH+
mHe+
]
Byt
)
(27)
where UoD is the absolute initial ion velocity drift. This
simple solution can be used to test the numerical im-
plementation (Section 5.1). The generic solution for
many ionized species is a complex combination of veloc-
ity drifts and not Equation 19. The number of superpo-
sition sinusoidal functions will increase with number of
ionized levels and species and these frequencies depend
on the atomic mass, magnetic field strength, charge and
number density for each ionized micro-state and electron
number density.
4. IMPORTANCE OF THE MULTI-SPECIES IN
THE SOLAR ATMOSPHERE
In order to better understand how important multi-
fluid and multi-species effects are in the solar atmo-
sphere, we use in this section the time-dependent 2.5D
radiative MHD numerical model by Martinez-Sykora et
al. (2019) calculated with the Bifrost code. This model
solves the hydrogen and helium rate equations includ-
ing non-equilibrium ionization (Leenaarts et al. 2007;
Golding et al. 2016) and ion-neutral interaction effects
introduced through Generalized Ohm’s Law (Mart´ınez-
Sykora et al. 2012, 2017a; No´brega-Siverio et al. 2020a).
The numerical domain spans from the upper layers of
the convection zone, through the photosphere, chromo-
sphere and transition region, to the corona. The advan-
tage of using this model is that it aims to replicate more
realistic conditions than we can for now with the Eby-
sus code, thus allowing insight into typical parameters of
the solar atmosphere that can be used for Ebysus stud-
ies. Figure 1 shows temperature, density and magnetic
field strength maps, revealing low lying transition loops,
magneto-acoustic shocks as well as two types of spicules,
and including a million degrees corona. The magnetic
field configuration is designed to mimic a plage region
(for further details, see Martinez-Sykora et al. 2019).
4.1. From a Collisional to a Collisionless Multi-species
Solar Atmosphere
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Figure 1. We use Martinez-Sykora et al. (2019)’s 2.5D ra-
diative MHD simulation to investigate the importance of the
ion cyclotron resonance described in the previous section.
From top to bottom, temperature, density and absolute mag-
netic field strength maps are shown for the selected instant
in the simulated timeseries.
The solar atmosphere has a highly complex chemi-
cal composition (e.g., Asplund et al. 2009). As long as
the collision frequencies between species which consti-
tute solar plasma are slow compared with other relevant
physical processes, multi-species interaction effects must
be taken into account.
We have estimated various collision frequencies from
Martinez-Sykora et al. (2019)’s time-dependent 2.5D
radiative MHD simulation. H+-He+, H+-He++, He+-
He++, H+-i, He+-i, H+-n, and He+-n collision frequen-
cies are shown in Figure 2 from top to bottom respec-
tively. The estimated collision frequencies between H+
or He+ with ions in the upper chromosphere and tran-
sition region ranges from a few 1 Hz to 103 Hz. For
the processes of interest in this paper, we will show
that thermo-dynamic timescales can be shorter and the
multi-species interaction effects can become relevant in
upper chromosphere, TR and lower corona.
4.2. Weighted Averaged Ion-cyclotron Frequencies and
Collisions: Upper Chromosphere and TR
It is thus of great interest to compare the collisions fre-
quencies between different ionized species and the multi-
ion cyclotron frequencies. Using the Martinez-Sykora
et al. (2019) 2.5D radiative MHD simulation, we also
calculated the multi-ion cyclotron frequencies between
H+-He+, H+-He++, and He+-He++ using expression 19
(from top to bottom in Figure 3). For H+-He+ and H+-
He++, these multi-ion cyclotron frequencies are high,
ranging from 102 to 106 Hz. Within the chromosphere,
they become smaller (ranging from 10 to 104 Hz) in cold
regions (yellow areas in top two panels near z=0.5 Mm).
Figure 2. The collision frequency between different ionized
species is small in the upper chromosphere, transition region
and corona. H+-He+, H+-He++, He+-He++, H+-i, He+-i,
H+-n, and He+-n collision frequencies are shown from top
to bottom. Ions (i) and neutrals (n) include the sixteen top
most abundant species.
The lowest multi-ion cyclotron frequencies are for He+-
He++ (from 1 to 104 Hz).
The velocity drift between the different ionized
species, or the multi-ion cyclotron wave amplitudes, can
be reduced by collisions between species. Taking into
account the analysis from the previous section, the col-
lision frequency between different ionized species is very
small in the upper chromosphere, transition region and
corona. Typical collisional chromospheric timescales are
of the order of a fraction of second (which frequency is
' 1 Hz). Figure 4 compares collision frequencies with
multi-ion cyclotron frequencies. In the lower chromo-
sphere and below, the multi-ion cyclotron frequency is
much lower than the collision frequencies. Consequently,
collisions will not allow the production of ion-cyclotron
waves. In the corona, collisions are much less frequent
and thus cannot significantly alter these waves. From
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Figure 3. The multi-ion cyclotron frequencies frequency is high in the upper chromosphere and corona. The multi-ion cyclotron
frequency between ionized hydrogen and singly ionized helium level, ionized hydrogen and double ionized helium level, and singly
ionized helium level and double ionized helium level are shown from top to bottom.
the mid-chromosphere to the transition region multi-ion
cyclotron waves can become important for interactions
between H+-He+ and H+-He++, and for He+-He++
in the transition region. These regions of interest in-
cludes spicules, low laying loops and dynamic fibrils.
In these regions where the collisions are comparable to
the multi-ion cyclotron frequencies, these waves can be
generated, propagate over a certain distance, and be
dissipated through collisions. In Section 5.3 we show
that Alfve´n waves can generate ion-velocity drifts and
this means that collisions can provide an efficient mech-
anism for dissipation of high-frequency Alfve´n waves
(Mart´ınez-Go´mez et al. 2016).
In the single fluid description, even when including
ion-neutral interaction effects (e.g., ambipolar or Peder-
sen diffusion), or for a two-fluid description such as ions
and neutrals or ions and electrons, we impose the same
velocity for all species, and all ionized species (aIˆE)
move at the same speed. The same is true for all neu-
tral species (a0E). Consequently, these simplified de-
scriptions implicitly assume that 1) forces acting on each
aIˆE and on each a0E should be the same 2) the colli-
sional time-scales must be small enough 3) and drivers
must act on time-scales larger than the multi-ion cy-
clotron frequencies, i.e., velocity drifts between species
must be negligible compared to bulk ionized plasma ve-
locity. However, as we show in the above, in the solar
atmosphere these conditions likely do not always ap-
ply. For example, the forces acting on each aIE are not
always the same, since each aIE may have a different
mass and ionization state. In addition, as we have shown
in this section, the collision frequency between different
ionized species is very small in the upper chromosphere,
transition region and corona, and therefore the veloc-
ity drift between ionized species may not be damped by
collisions.
5. NUMERICAL EXPERIMENTS
Of all the various physical processes that Ebysus is ca-
pable of handling, we here only use a subset. The main
subject of the current work is to study and isolate the
electric force (F IDrift) due to ion drift velocities, which
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Figure 4. The multi-ion cyclotron waves will facilitate the
dissipation of Alfve´nic waves in the chromosphere and TR.
Ratio between these cyclotron frequencies with the collision
frequencies between ionized hydrogen and first ionized he-
lium level, ionized hydrogen and second ionized helium level,
and first ionized helium level and second ionized helium level
are shown from top to bottom.
is the main subject of this work. As mentioned above,
neither gravity, ionization and recombination, the Hall
term, the Biermann battery, radiative losses, nor ther-
mal conduction are taken into account here.
First, we analyze three sets of 1D numerical simula-
tions (Section 5.1). The first set of 1D numerical tests
is used to compare the codes’ implementation with the
analytic solution described in Section 3.3. The second
set of 1D numerical models focuses on the possible role
of the ion-velocity drift in the upper chromospheric ther-
modynamics (Section 5.2). The last set of 1D numerical
models is focused on multi-ion cyclotron waves driven by
Alfve´n waves (Section 5.3). Table 1 summarizes these
experiments with the list of species included in each
of the experiments along with relevant initial and/or
boundary conditions.
5.1. 1D Collisionless Numerical Experiments
The 1.5D collisionless numerical experiments of multi-
ion cyclotron standing waves shown here validates the
numerical implementation used in Ebysus by comparison
with the analytical solutions described in Section 3.3.
The numerical domain in all 1.5D numerical experi-
ments shown here are set up along the z-axis and cover
the range z = [0, 1] Mm with an uniform grid of 200
points. Boundaries are periodic. The constant mag-
netic field is perpendicular to the simulated numerical
domain, and is oriented along the y-axis. We impose
an initial velocity along the z-axis, perpendicular to the
magnetic field. Note that the ion-cyclotron frequency is
independent of the internal energy and the thermody-
namic properties of neutral species (see Equation 19).
Figure 5 shows the various velocity components for
each ionized species as a function of time for experi-
ment 1D2S2LNI. This experiment includes two species,
i.e., hydrogen and helium, with two levels each: neutrals
and single ionized ions (Table 1). The magneto-thermal
properties are constant with a magnetic field strength of
By = 1 G. Note that these preliminary models are meant
to validate the implementation and we choose low mag-
netic field strengths in order to avoid prohibitively small
timesteps. Other initial thermodynamic properties of
the simulations are listed in Table 2. Figure 5 shows
that the cyclotron motion is coupled between ionized
hydrogen and ionized helium due to the electric field
(Equation 17). The analytic solution (Equation 19) for
1D2S2LNI provides a frequency of 62 Hz, for all ion-
ized species and velocity components in agreement with
the numerical experiments. The different components (x
and z) of the velocities of ionized species are 90 degrees
out of phase, i.e., they rotate. In addition, the velocities
of the two ionized species are in anti-phase as expected
from Equations 21-27. The velocity amplitude is larger
for He+ because, as mentioned above, the acceleration
depends on its own particle mass and the number of par-
ticles of the other species. Since He+ weighs more than
H+, this reduces the accelerations in He+, but since nH+
is much larger than nHe+ , the acceleration is larger in
He+ than in H+.
Figure 5. Note that the various components of the velocity
for any ionized species and levels have the same frequency.
Component x and z of the velocity as a function of time for
the various ionized species (see labels) are shown for simula-
tion 1D2S2LNI.
As mentioned above, adding new ionized species will
add wave superposition with different frequencies and
amplitudes. Note that Equation 19 is only valid for two
ionized species. Figure 6 shows the various velocity com-
ponents for the ionized species of simulation 1D3S2LNI
which includes three species (hydrogen, helium and car-
bon) with two levels each (Table 1). Table 2 provides
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Table 1. List of numerical simulations. From left to right: list the name, type of species and number of ionized levels and other
properties of the simulated domain.
Name aI Other properties
1D2S2LNI H:2 lvl, He:2 lvl Collisionless and initial ion velocity drift
1D3S2LNI H:2 lvl, He:2 lvl, C:2 lvl Collisionless and initial ion velocity drift
1D2S2LCI H:2 lvl, He:2 lvl Collisional and initial ion velocity drift
1D2S2LB0 H:2 lvl, He:2 lvl Collisionless & boundary driven (0.1 Hz)
1D2S2LB1 H:2 lvl, He:2 lvl Collisionless & boundary driven (10 Hz, ∆Bx = 0.25 G)
1D2S2LB2 H:2 lvl, He:2 lvl Collisionless & boundary driven (20 Hz, ∆Bx = 0.25 G)
1D2S2LB3 H:2 lvl, He:2 lvl Collisionless & boundary driven (102 Hz, ∆Bx = 0.25 G)
1D2S2LB4 H:2 lvl, He:2 lvl Collisionless & boundary driven (200 Hz, ∆Bx = 0.25 G)
1D2S2LB5 H:2 lvl, He:2 lvl Collisionless & boundary driven (103 Hz, ∆Bx = 0.25 G)
1D2S2LB6 H:2 lvl, He:2 lvl Collisionless & boundary driven (105 Hz, ∆Bx = 0.25 G)
1D2S2LB7 H:2 lvl, He:2 lvl Collisionless & boundary driven (103 Hz, ∆Bx = 0.025 G)
1D2S2LB8 H:2 lvl, He:2 lvl Collisionless & boundary driven (103 Hz, ∆Bx = 2.5 G)
densities for each species and levels. H and He fol-
low photospheric abundances. In order to have enough
ionized C, we increased the density and, therefore, the
abundance with respect to the photospheric abundance
in order to illustrate complex coupling since the various
multi-ion cyclotron depend on the density number of
each ionized species (e.g., Equations 26-27). Otherwise,
since the amplitude on these multi-ion frequencies de-
pendent on the density, C contribution will be negligible.
The multi-ion cyclotron frequency is not as trivial to de-
rive as for two ionized species (Section 3.3) and becomes
a combination of the cyclotron frequency of the various
ionized species. With three different ionized species one
can discern two different multi-ion cyclotron frequencies
in Figure 6. In short, number densities, atomic mass,
field strength and charge play a role in the amplitudes
and frequencies as described above and following Equa-
tions 21-27 (see also Mart´ınez-Go´mez et al. 2016).
5.2. Kinetic Energy Dissipation
Momentum exchange between species could dissipate
any multi-ion cyclotron waves that may occur in the
upper chromosphere, TR and lower corona (Figure 3).
Let us investigate if such dissipation can heat the solar
atmosphere. Experiment 1D2S2LCI has typical upper-
chromosphere/transition region densities and energies
(Table 2). The simulated atmosphere is uniform and
includes hydrogen and helium with two levels each (neu-
trals and first ionization level, Table 1). This numerical
experiment includes momentum exchange. The top and
middle panels of Figure 7 show the x and z components
of the velocity, respectively, and the bottom panel the
temperature for each level of each species. The am-
plitude of the multi-ion cyclotron wave is damped by a
factor e due to momentum exchange in roughly 3 10−4 s.
Note that neutrals also show temperature variations in
Figure 6. Component x of the velocity as a function of
time (top) and frequency (bottom) for the various species,
hydrogen, helium, and carbon, for their ionized level (see
labels) for simulation 1D3S2LNI. For comparison, we have
added the relevant Lamor frequencies to the labels.
time due to the momentum transfer from the ions. This
dissipation heats the corresponding level of each species
following:
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Qαβα =
~
Rαβα · ( ~uα − ~uβ) (28)
Since He+ initially has the largest amplitude and the
lowest solar number densities, it reaches the highest tem-
peratures. Due to collisions, the plasma is not only
heated but the temperatures of all species converge fol-
lowing:
Qαβα = 3
mαβ
mα
nαναβkB(Tβ − Tα) (29)
So, in this case the helium is heated first through dis-
sipation of the drift velocities, and then helium heats the
other species and fluids. The time needed for the differ-
ent species of the plasma to reach similar temperatures
is larger than the time needed to damp the multi-ion cy-
clotron wave and this depends on the heating as well the
density. The coupling between the different fluids is dif-
ferent. For instance, neutral hydrogen is more coupled
to the ions than neutral helium is due to their differ-
ent cross-sections as well as the densities of the different
fluids (Figure 2). For the lower densities of the upper
transition region or corona, the damping times-scales
increase by an order of magnitude or more.
Consequently, if these multi-ion cyclotron waves (or
velocity drift between ionized species) can be generated,
this may be an effective dissipation and heating mecha-
nism for the plasma in the upper chromosphere and TR
and lower corona. Therefore, it is of great interest to
investigate which mechanisms could lead to the forma-
tion of such waves and how much energy is contained in
such high-frequency modes. Current MHD models do
not include the physics of these drift velocities, neither
their generation or their dissipation.
5.3. Alfve´n Waves
The equations and analysis in detailed in Section 3.3
suggest that magnetic tension, such as the restor-
ing force in Alfve´n waves, may lead to ion velocity
drifts. Mart´ınez-Go´mez et al. (2016) analytical anal-
ysis from multi-fluid and multi-species studies show
that in order to generate waves at the multi-ion cy-
clotron frequencies, the Alfve´n frequency must be the
same or greater than those frequencies. We performed
seven 1D simulations driving Alfve´n waves of differing
frequencies at the bottom boundary (Table 1). For
the 1D2S2LB0, 1D2S2LB1, 1D2S2LB2, 1D2S2LB3,
1D2S2LB4, 1D2S2LB5, and 1D2S2LB6 simulations
Alfve´n waves are driven at frequencies of 0.1 10, 20,
102, 200, 103 and 105 Hz, respectively, which except for
simulation 1D2S2LB6 are all smaller than the multi-ion
cyclotron frequency (1.5 104 Hz). In all these experi-
ments, in order to drive the Alfve´n wave, we impose a
background magnetic field with an initial Bz = 10 G.
Figure 7. The multi-ion cyclotron wave amplitude is
damped due to momentum exchange. Component x (top)
and z (middle) of the velocity and temperature (bottom
panel) as a function of time for the various energy levels
for each species are shown for simulation 1D2S2LCI. Note
that the time range of the velocity plots is a subset of the
time range shown in the bottom panel (as indicated by the
blue line between the bottom and panels and with dashed
blue line in the bottom panel).
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. In order to drive the Alfven wave, we impose a tem-
porally varying component with an amplitude of Bx of
0.25 G, i.e., perpendicular to the 1.5D numerical do-
main. This produced a velocity amplitude of the ions of
800 m s−1 (see the second row of Figure 8) propagat-
ing along the z-axis. These waves are transverse, but
since we are in a 1.5D geometry, they behave as Alfve´n
waves. We introduced a small amplitude in Bx to mit-
igate numerical constraints on the time-step (but see
below). For 1D2S2LB7, 1D2S2LB8 simulations Alfve´n
waves are driven at frequencies of 103 Hz and we impose
an amplitude of Bx of 0.025 G and 2.5 G respectively,
producing a velocity amplitude of the ions of 80 m s−1
and 8 km s−1, respectively.
Figure 8 shows the velocity drift between the dif-
ferent ionized species (first, fourth and last rows) and
the magnetic field (second to last rows) for 1D2S2LB3,
1D2S2LB4, 1D2S2LB5, and 1D2S2LB6 simulations (left
to right columns, respectively). Even for driven Alfve´n
wave frequencies smaller than the multi-ion cyclotron
frequency (D2S2LB3, 1D2S2LB4, and 1D2S2LB5) a ve-
locity drift between the two ionized fluids appears in
the component perpendicular to the background mag-
netic field and to the imposed Alfve´n wave plane, i.e.,
y. The velocity drift results from the fact that the in-
ertia of and the forces acting on various ionized species
are different.
The velocity drift frequencies match the imposed
Alfve´n wave frequency in all experiments. Therefore,
the frequency of the velocity drift does not depend on
multi-ion cyclotron waves as was the case in the previ-
ous experiments in previous sections where we imposed
an initial velocity drift.
The absolute velocity drift increases with the driven
Alfve´n wave frequency as long as these frequencies are
lower than multi-ion cyclotron frequencies. In addition,
the velocity field changes components (i.e., from uy to
ux) when the driven Alfve´n wave frequency is greater
than multi-ion cyclotron frequency. In other words, for
frequencies greater than multi-ion cyclotron frequencies
(1D2S2LB6), time is too short to produce the coupling
between the ionized species and the current (and ~J × ~B
in the momentum equation) dominates. Therefore, the
velocity drift component corresponds to the ~J × ~B com-
ponent. The Lorentz force leads to a velocity drift due
to the different inertia, number of ionized particles and
charge between the different ionized species (see Equa-
tion 17).
As the waves propagate in space, the components of
velocity and magnetic field disturbance are transposed
to the other component perpendicular to the direction
of propagation. This other orthogonal component (y
for magnetic field, x for velocity) increases with space
in an oscillatory fashion. The length scale (along the
propagation direction, z) over which this transposition
from x to y (or y to x) occurs depends on the driven
Alfve´n frequency: it decreases for increasing frequency.
In other words, the higher the frequency, the shorter the
distance over which the transfer from x to y occurs.
Figure 9 shows the linear dependence of the compo-
nent y of the velocity drift with the driver frequency.
Simulations 1D2S2LB5, 1D2S2LB7 and 1D2S2LB8 show
an increase/decrease of the ion velocity drift with the
same factor as the increase/decrease of the driving am-
plitude. Therefore, for a driven frequency of 103 Hz,
∆Bx = 2.5 G, and Bz = 10 G the velocity drift is
1 km s−1 and the amplitude of the ion velocity wave is
8 km s−1. The velocity drift appears even for frequencies
lower than the multi-ion cyclotronfrequency. We also
run experiments where we maintained the |B|/|∆Bx|
ratio, but reduce/increase by an equal amount both |B|
and |∆Bx|. In these cases, for the same imposed Alfve´n
frequency, the amplitude of the ion velocity drift is the
same. In other words, for the same |B|/|∆Bx| ratio,
the ion velocity drift is equal, be it in a sunspot or in
internetwork.
The velocity drift increases linearly with the imposed
Alfve´n frequency. Observational evidence for Alfve´n
waves in the solar chromosphere suggests that there is
significant power at periods of 3 to 5 min. For such
low frequencies, the wave energy in the velocity drift
is likely negligible. However, some observations have
found evidence for higher frequency waves with periods
as short as 45 s (0.15 Hz) in spicules (e.g., Okamoto &
De Pontieu 2011). These observations are limited by the
cadence of the observations, so that even higher frequen-
cies cannot be excluded by observations. In fact, tran-
sition region spectral lines often show significant broad-
ening beyond the thermal width of order 20 km s−1
in exposure times as short as 4 s (De Pontieu et al.
2015). If this non-thermal broadening were to be caused
by waves, wave frequencies could be significantly higher
than 1 Hz. For the modest Alfve´n amplitudes studied
here (∆Bx = 2.5 G) in a 10 G field, this would lead
to velocity drifts of order 2 m s−1, i.e., quite low. How-
ever, these waves may continuously drive the ion velocity
drift while they travel through the solar atmosphere and
therefore will be damped as well.
A zero-order calculation of the dissipated magnetic en-
ergy could be done as follows. Assuming these waves are
dissipated while traveling from the mid-chromosphere to
the transition region at the top of a spicule, i.e., a dis-
tance of roughly 4 Mm, (Figure 4) and considering an
Alfve´n speed of 400 km s −1 (De Pontieu et al. 2017), it
takes them roughly 10 s to propagate along the spicule.
Alfve´n waves such as the ones mentioned above, i.e.,
10 G guided field, 2.5 G Alfve´n amplitudes (equivalent
to ∼ 10 km s−1 wave velocity amplitudes) and a fre-
quency of 1 Hz, will continuously drive a velocity drift
of ∼ 2 m s−1. Assuming the collisions damp this veloc-
ity drift in ∼ 0.01 s (top panel of Figure 2), the total
Alfve´n amplitude damped through the chromosphere is
2 km s−1. For a spicule with ∼ 10−12 g cm−3 mass den-
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Figure 8. A velocity drift wave is driven by high-frequency Alfve´n waves. The velocity drift between the two ionized species
as a function of space are shown in the top row, from left to right, for the 1D2S2LB3, 1D2S2LB4, 1D2S2LB5, and 1D2S2LB6
simulations. The total velocity for all ions is shown in the second row. The magnetic field is shown in the third row. We
subtracted the initial (10 G) component z of the magnetic field. Fourth and last rows show the velocity (x=green and y=yellow)
and x component of the magnetic field (red) as a function of time and frequency, respectively.
sity (middle panel of Figure 1), ∼ 300 km wide, and for
a length of 4 Mm, the energy dissipated in the spicule
is ∼ 3 1018 erg which is ∼ 3 1017 erg s−1, i.e., an energy
flux of ∼ 3 106 erg s−1 cm−2 (compare with the energy
flux needed to maintain the corona De Pontieu et al.
2007). However, this is a back of envelope calculation,
and the next step remains to investigate it further in
models that contain a stratified atmospheres, i.e., more
representative of what is expected to be the situation
in the solar atmosphere, and in models where the pa-
rameter range for magnetic field strengths and driving
wave amplitudes are extended. In addition, momentum
exchange between species should also be included.
6. CONCLUSIONS AND DISCUSSION
In a weakly collisional environment, ionized species are
coupled through the electric field. So, cyclotron motions
occur at multi-ion cyclotron frequencies, which depend
on the weighted mass and charge of the ionized species.
In addition, the Lorentz force and inertia can act differ-
ently on different species. We have developed a new nu-
merical MHD code, called Ebysus, that allows us to treat
species and their ionized and excited levels separately.
This code inherited many features from the Bifrost code
and shares several numerical characteristics of that code.
Ebysus allows us to run experiments of interest for this
study on multi-ionized species interactions in the solar
atmosphere.
In this investigation, we first describe the theory be-
hind multi-ion interactions. This has an analytical solu-
tion which is useful for testing the numerical code (e.g.,
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Figure 9. The velocity drift wave amplitude has a linear
dependence with the frequency of the driven Alfve´n waves for
frequencies lower than the multi-ion cyclotron. The top and
bottom dots at 103 Hz correspond to experiments 1D2S2LB7
and 1D2S2LB8, respectively.
Cramer 2001). An imposed ion-velocity drift can drive
multi-ion cyclotron waves. The more species the more
superposed multi-ion cyclotron frequencies. These fre-
quencies depend on the number density, cyclotron fre-
quency for each individual ionized species, and parti-
cle mass. Then, from so-called realistic radiative MHD
models (Martinez-Sykora et al. 2019), we estimated the
multi-ion cyclotron frequencies and collision frequencies
between different species in the solar atmosphere. We
find that these effects may play a role in the upper-
chromosphere, TR, and corona. Finally, we calculated
highly idealized MFMS numerical experiments in order
to understand the coupling between the ionized species
through the electric field and its possible role in the solar
atmosphere.
The velocity drift between ionized species naturally
occurs via Alfve´n waves. In principle, as long as there is
a significant magnetic tension, e.g. reconnection, species
will experience different forces due to the differences in
charge and inertia. Preliminary results of magnetic re-
connection reveal the presence of ion drift at different
stages of the reconnection.
As long as Alfve´n waves frequencies are smaller than
the multi-ion cyclotron frequencies, the ion-velocity drift
increases with increasing Alfve´n frequencies. In addi-
tion, the ion velocity drift increases with wave amplitude
and background magnetic field. Further, the ion veloc-
ity drift in invariant for a fix |B|/|∆Bx|, i.e., in those
cases the ion velocity drift is the same in a sunspot or
in internetwork. The ion velocity drift might be minor,
but there are, at least, three main points to consider in
order to estimate if this process can dissipate the wave
energy into thermal energy. First, the amplitude of the
waves is not well known, with current observations sug-
gesting amplitudes of, on average, about 20 km s−1.
Secondly, the frequency of the observed waves is poorly
constrained, with some observations finding evidence for
waves of 0.15 Hz on spicules (Okamoto & De Pontieu
2011), and measurements of non-thermal broadening
compatible (in principle) with frequencies higher than
1.6 Hz (De Pontieu et al. 2015). Perhaps most impor-
tantly, these ion velocity drifts might be continuously
generated as long as the Alfve´n wave is propagating
while at the same time these velocity drifts are being
damped by collisions. Therefore, in order to estimate
the dissipation of Alfve´n waves in the solar atmosphere
it is crucial to extend this research by studying models
of a stratified atmosphere that includes collisions and a
more realistic range of values for various other parame-
ters. High-frequency waves could be driven by magnetic
reconnection in the chromosphere (Lazarian & Vishniac
1999). Similarly, the formation of type II spicules is
also associated with high-frequency waves (Okamoto &
De Pontieu 2011; Mart´ınez-Sykora et al. 2017c).
The ion-velocity drift between ionized species may
play a role from the mid-chromosphere to the corona. In
addition, these drifts can be dissipated in the chromo-
sphere and transition region and damp high-frequency
Alfve´n waves and thus contribute in heating spicules and
dynamic fibrils (Martinez-Sykora et al. 2019). Chint-
zoglou et al. (2020) suggested that the simulated spicules
may miss extra heating mechanisms. The proposed
heating mechanism described here can be also impor-
tant in the lower corona and it may provide a way to
dissipate Alfvenic waves generated by spicules and/or
reconnection events in the corona, and heat the associ-
ated loops (Mart´ınez-Sykora et al. 2017b; De Pontieu et
al. 2017; Henriques et al. 2016).
The Alfve´n driven models have ion-drifts that can lead
to a chemical fractionation. The scope of this study is
limited and we have not analyzed this possibility any
further. Alfve´n driven models have (not shown here) ion
velocity drift in the direction of the propagating wave (z-
axis). One of the future goals of Ebysus is to investigate
the First Ionization Potential (FIP) effect and chemical
fractionation in the solar atmosphere. Our preliminary
results indicate that this code is suited for this research.
This is a very first work on multi-ion cyclotron and
ion-drift velocities using highly simplified MFMS nu-
merical simulations. The natural next step is to add
complexity to the experiments to address the role of this
effect and quantify how important it can be in the solar
atmosphere.
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